(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(19) World Intellectual Property Organization 

International Bureau 

(43) International Publication Date 
8 August 2002 (08.08.2002) 




PCT 



(10) International Publication Number 

WO 02/062111 A2 



(51) International Patent Classification 7 : H05H 

(21) International Application Number: PCT/US02/02436 

(22) International Filing Date: 29 January 2002 (29.01.2002) 

(25) Filing Language: English 

(26) Publication Language: English 



(30) Priority Data: 

60/265,332 
10/002,483 



30 January 2001 (30.01.2001) US 
1 November 2001 (01.11.2001) US 



(71) Applicant: RAPT INDUSTRIES INC. [US/US]; 1581 
Melanie Way, Livermore, CA 94550 (US). 

(72) Inventor: CARR, Jeffrey, W.; 1581 Melanie Way, Liver- 
more, CA 94550 (US). 



(74) Agents: MEYER, Sheldon, R. et al.; FlieslerDubb Meyer 
and Lovejoy LLP, Suite 400, Four Embarcadero Center, 
San Francisco, CA 94111-4156 (US). 

(81) Designated States (national): AE, AG, AL, AM, AT, AU, 

AZ, BA, BB, BG, BR, BY, BZ, CA, CH, CN, CO, CR, CU, 
CZ, DE, DK, DM, DZ, EC, EE, ES, FI, GB, GD, GE, GH, 
GM, HR, HU, ID, IL, IN, IS, JP, KE, KG, KP, KR, KZ, LC, 
LK, LR, LS, LT, LU, LV, MA, MD, MG, MK, MN, MW, 
MX, MZ, NO, NZ, OM, PH, PL, PT, RO, RU, SD, SE, SG, 
SI, SK, SL, TJ, TM, TR, TT, TZ, UA, UG, UZ, VN, YU, 
ZA, ZM, ZW. 

(84) Designated States (regional): ARIPO patent (GH, GM, 
KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZM, ZW), 
Eurasian patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), 
European patent (AT, BE, CH, CY, DE, DK, ES, FT, FR, 
GB, GR, IE, IT, LU, MC, NL, PT, SE, TR), OAPI patent 

[Continued on next page] 



(54) Title: APPARATUS AND METHOD FOR ATMOSPHERIC PRESSURE REACTIVE ATOM PLASMA PROCESSING FOR 
SURFACE MODIFICATION 



118 



< 



o 




(57) Abstract: Reactive atom plasma processing 
can be used to shape, polish, planarize and clean 
the surfaces of difficult materials with minimal 
subsurface damage. The apparatus and methods 
use a plasma torch, such as a conventional ICP 
torch. The workpiece and plasma torch are moved 
with respect to each other, whether by translating 
and/or rotating the workpiece, the plasma, or both. 
The plasma discharge from the torch can be used 
to shape, planarize, polish, and/or clean the surface 
of the workpiece, as well as to thin the workpiece. 
The processing may cause minimal or no damage 
to the workpiece underneath the surface, and may 
involve removing material from the surface of the 
workpiece. 
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APPARATUS AND METHOD FOR ATMOSPHERIC PRESSURE REACTIVE ATOM 
PLASMA PROCESSING FOR SURFACE MODIFICATION 



CLAIM OF PRIORITY 
[0001] The United States Government has rights in this invention pursuant to Contract 
No. W-7405-ENG-48 between the United States Department of Energy and the University 
of California. 

5 

CLAIM OF PRIORITY 
[0002] This application claims priority to U.S. Provisional patent application No. 
60/265,332, filed January 30, 2001, entitled APPARATUS AND METHOD FOR 
ATMOSPHERIC PRESSURE REACTIVE ATOM PLASMA PROCESSING FOR 
1 0 SHAPING OF DAMAGE FREE SURFACES. 

[0003] This application is cross-referenced and incorporated herein by reference. 

CROSS-REFERENCE TO RELATED APPLICATION 
[0004] The following application is cross-referenced and incorporated herein by 
1 5 reference: 

[0005] U.S. Patent Application No. 10/002,035 entitled APPARATUS AND METHOD 
FOR ATMOSPHERIC PRESSURE REACTIVE ATOM PLASMA PROCESSING FOR 
SHAPING OF DAMAGE FREE SURFACES, inventor Jeffrey W. Carr, filed November 1 , 
2001. 

20 

FIELD OF INVENTION 
[0006] The field of the invention relates to shaping surfaces using a gas plasma. 

BACKGROUND 

25 [0007] Modern materials present a number of formidable challenges to the fabricators 
of a wide range of optical, semiconductor, and electronic components, many of which 
require precision shaping, smoothing, and polishing. Current methods, such as 
conventional grinding and polishing, have a number of disadvantages. Physical contact 
methods, such as grinding, abrasive polishing, diamond turning and ion milling, involve 

30 physical force at the microscopic scale and can create damage in the subsurface of the 
material being treated. Physical contact methods also have a trade-off between speed 
and quality. Smooth surfaces can require the use of very slow material removal rates, 
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while hard materials such as silicon carbide can be extremely difficult to polish. Soft or 
delicate structures can also be difficult to polish, as the physical force involved can crack 
or bend the structures. Some materials such as glass can also end up with a surface 
layer of redeposited material, which can affect the properties and behavior of the 
5 manufactured component. 

Damage-free laser optics 

[0008] In one example of such a manufacturing challenge, optics produced with current 
or prior art polishing methods cannot withstand the high intensity of light produced by 

10 high-powered laser systems. One of the engineering challenges in such an advanced 
system is the need for a large number of defect-free optics to be produced within an 
acceptable period of time and at an acceptable cost. Subsurface defects in such an optic 
can cause cracks to form on the rear surface of lenses exposed to high ultraviolet laser 
light levels. These cracks can grow until a large fraction of the light is obscured or until 

15 the lens fractures. Some of these lenses also serve as a vacuum barrier, making 
catastrophic failure a serious safety concern. 

[0009] Conventional abrasives-based polishing can be used for many materials. This 
polishing process is both chemical and mechanical, involving surface and solution 
chemistry as well as mechanical abrasion. Mechanical abrasion rapidly removes 
20 material, but can produce sub-surface damage and cause the damage to propagate 
deeper into the workpiece. The chemical portion dissolves and redeposits glass, forming 
a relatively smooth surface. The chemical kinetics of redeposition favor the formation of 
smooth surfaces, as high spots are mechanically abraded away while holes are filled 
through redeposition. 

25 [0010] This process of redeposition can lead to problems in some applications. Analysis 
of the redeposition layer reveals a tremendous number of contaminants, mostly from the 
abrasive but also from previous polishing steps. This redeposition layer can affect the 
adhesion and physical properties of optical coatings. Below this redeposition zone can 
bean underlying zone of damaged glass, up to tens of microns thick or more. When high 

30 fluxes of light pass through this zone, damage sites can nucleate and grow, eventually 
leading to failure of the entire optic. The quality of the polish, and the underlying 
redeposition layer and subsurface damage, ultimately control how much light can be 
transmitted through the optics. 

[001 1] In order to produce optics capable of routinely withstanding laser intensities as 
35 high as 12 J/cm 2 , a process is required to remove the 20-30 microns of damaged 
material. Conventional polishing can be used to remove this damage layer, but it must 
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be done very slowly - on the order of about 0.1 pm per hour. Polishing for this length of 
time also necessitates periodic checks of the shape of the part using precision metrology. 

Wet etching 

5 [0012] Another approach to removing the damage layer in an optic is a wet chemical 
etch. In such a process, only a limited amount of material can be removed before the 
surface becomes excessively pitted, with a resulting increase in the amount of light 
scattered by the optic. Optics processed by wet etch have been tested, with the 
disappointing result that the damage threshold was unaffected. 

10 

Ion milling 

[0013] Another approach utilizes ion milling after conventional polishing. Ion milling is 
a well-established technique for removing small amounts of material from a surface using 
a kinetic beam of ions. Some advantages of ion milling include: no surface contact, no 

15 weight on the optic, no edge effects, and correction of long spatial wavelength errors. 

[0014] There are numerous disadvantages to ion milling, however, including high 
surface temperatures, an increase in surface roughness, and the need for vacuum. The 
temperature is dependant on beam current, so that an increase in etch rate produces an 
increase in temperature often surpasses several hundred °C. Nearly all heat must be 

20 removed through the chuck, usually requiring a good thermal connection between the 
workpiece and the holder. This is difficult when working on transmission optics because 
they must be held by the edges so as not to damage the polished surface. Further, ion 
beams cannot smooth surfaces. For small amounts of material removal, roughness can 
be held constant. Large amounts of material removal cause an unfortunate increase in 

25 roughness. 

Reduced pressure plasma methods 

[001 5] Another approach involves plasma etching at reduced temperature, which is used 
extensively in the semiconductor industry for processing of a wide variety of materials 

30 including semiconductors, metals and glasses. Reactive ions are believed to be 
responsible for the majority of material removal, leading the technique to be known as 
reactive ion etch (RIE). Considerable effort has been put into developing plasmas with 
uniform etch rates over the entire ^discharge, making RIE unsuitable for the production of 
figured precision components. The greatest practical drawback to RIE for precision 

35 finishing of optical components is the need for vacuum and a low material removal rate. 

Translating either the source or workpiece with precision on a complicated path inside a 
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vacuum chamber is challenging, especially in the case of large optics. In-situ metrology 
would also be awkward. 

[0016] A modified RIE for polishing at reduced pressure has been built using a 
capacitively coupled discharge. Named "Plasma Assisted Chemical Machining" (PACE), 
5 the system has been successful in shaping and polishing fused silica. While the parts 
polished by PACE have shown no evidence of subsurface damage or surface 
contamination, it has been found that greater sub-surface damage present before etching 
resulted in an increased roughness after etching. 

[0017] A major limitation of this capacitively-coupled discharge approach is the 
1 0 requirement that the workpiece be either conductive or less than 1 0 mm thick. In addition, 
etch rates are dependant on part thickness, decreasing by a factor of ten when thickness 
changed from 2 to 10 mm. Above 10 mm the rates are too low to be of much use. If 
metrology is needed in an iterative procedure, the chamber must be vented and pumped 
down for the next etch step. The convergence rate for PACE is also typically very low, 
15 resulting in a long, expensive multi-step process. PACE technology was recently 
improved by the substitution of a microwave plasma source for the capacitively coupled 
system, but the rates are still too slow for optics manufacturing. 

Atmospheric pressure plasma methods 

20 [0018] In yet another approach, a direct current (DC) plasma can be used at 
atmospheric pressure to thin wafers. Originally called a "Plasma Jet" and also referred 
to as Atmospheric Downstream Plasma (ADP), such a system uses argon as the plasma 
gas, with a trace amount of fluorine or chlorine for reactive atom production. The main 
intent of the device is to do backside thinning of processed silicon wafers for smart card 

25 and other consumer applications. With the ADP tool, wafers are thinned in a batch mode 
by placing them on a platten and using planetary type motion to move the sub-aperture 
plasma in a pseudo-random fashion across the surface. 

[0019] Unfortunately, atmospheric DC plasma jets such as ADP are not well suited for 
the precise shaping and smoothing of surfaces or for material deposition. Because the 

30 reactive gas is mixed with the bulk gas prior to excitation, the reactive species in the 
plasma are widely distributed across the discharge. This substantially increases the 
footprint and the minimum feature size that can be etched into a surface. Furthermore, 
the electrodes that are used to establish the arc are eroded by the reactants. This adds 
particulates to the gas stream, as well as causing fluctuations in plasma conditions, and 

35 accounting for the reduced uniformity compared to RIE systems. Detrimental electrode 
reactions also preclude the use of oxygen and many other plasma gases. 
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[0020] Another plasma process, known as Chemical Vapor Machining (CVM), is a radio 
frequency (RF) plasma process that has been used to slice silicon. This plasma is 
generated around a wire or blade electrode immersed in a noble gas atmosphere 
containing a trace of reactive components. Like the PACE process it closely resembles, 
5 material removal through CVM is entirely chemical in nature. The damage for CVM and 
wet chemical etching are similar, close to the intrinsic damage typically found in silicon 
used in the semiconductor industry. 

[0021] Several performance characteristics limitthe applications of CVM. First, the non- 
rotationally symmetric nature of the footprint makes the process difficult to model and 
1 0 control. Process rates are limited by the rate at which the plasma converts the reactive 
precursor gas into radical atoms. The device is difficult to scale up, limiting the maximum 
removal rate and the practical limit for fine-scale material removal. While no vacuum is 
required for CVM, the workpiece must be enclosed in a vessel to contain the plasma 
atmosphere. 

1 5 [0022] Another type of plasma jet has been developed to etch and deposit material on 
surfaces as well as to clean surfaces, known as an "ApJet." This system consists of two 
concentric electrodes that generate a DC plasma which exits through a nozzle. The 
discharge is at a low temperature, making the process suitable for cleaning temperature- 
sensitive materials. The ApJet is not suitable for precisely shaping and polishing 

20 surfaces, as etch rates are low and the electrodes and nozzle erode and deposit material 
onto the surface. This makes precision control difficult. Furthermore, the ApJet cannot 
smooth rough surfaces. 

BRIEF SUMMARY 

25 [0023] Systems and methods in accordance with the present invention overcome 
deficiencies and obstacles in the prior art to produce a highly-controllable, precise, 
atmospheric, non-contact material removal process. These systems and methods also 
provide improved processes for shaping geometric surfaces and rapidly shaping hard-to- 
machine materials, as well as rapidly thinning finished silicon devices with high 

30 smoothness and minimal thickness variation. 

[0024] One method for shaping a surface of a workpiece involves placing the workpiece 
in a plasma processing chamber that includes a plasma torch, such as an ICP torch. The 
workpiece and plasma torch are moved with respect to each other, whether by translating 
and/or rotating the workpiece, the plasma, or both. Reactive atom plasma processing is 

35 used to shape the surface of the workpiece with the discharge from the plasma torch. 
Reactive atom plasma processing can also be used for purposes such as to planarize, 
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polish, clean, or thin the workpiece. The processing may cause minimal or no damage 
to the workpiece underneath the surface, and may involve removing material from the 
surface of the workpiece. 

[0025] Also included in the present invention are tools and systems for accomplishing 
these and other methods. Such a system for shaping the surface of a workpiece can 
involve a plasma torch configured to shape the surface of a workpiece using a reactive 
plasma process. A translator can be used to translate the workpiece, the torch, or both, 
such that the desired shape, planarization, polishing, or cleaning is achieved. The torch 
can be contained in a plasma processing or other appropriate chamber. 



BRIEF DESCRIPTION OF THE FIGURES 
[0026] Figure 1 is a diagram of a system in accordance with one embodiment of the 
present invention. 

[0027] Figure 2 is a diagram of the ICP torch of Figure 1 . 
15 [0028] Figure 3 is a diagram showing relative concentrations of reactive atoms and 
reactive ions in a plasma discharge that can be used in accordance with one embodiment 
of the present invention. 

[0029] Figure 4 is a graph of a footprint of a tool that may be used in accordance with 
one embodiment of the present invention. 
20 [0030] Figure 5 is a flowchart showing a process in accordance with one embodiment 
of the present invention. 

[0031] Figure 6 is a flowchart showing another process in accordance with one 
embodiment of the present invention. 

25 DETAILED DESCRIPTION 

[0032] Systems and methods in accordance with the present invention have advantages 
over prior art systems, such as PACE and chemical vapor machining, in that the number 
of potential products increases to include devices fabricated from heat sensitive 
components and heterogeneous materials that are typically difficult to polish by chemical 

30 means. Polishing and planarization are now be possible with little heat gain and minimal 
material removal. 

[0033] Figure 1 shows one embodiment of a reactive atom plasma (RAP) system that 
can be used in accordance with the present invention. Figure 1 shows an ICP torch in 
a plasma box 106. The torch consists of an inner tube 134, an outer tube 138, and an 
35 intermediate tube 136. The inner tube 134 has a gas inlet 100 for receiving a reactive 
precursor gas from the mass flow controller 118. The intermediate tube 136 has a gas 
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inlet 102 for receiving an auxiliary gas from the flow controller 118. The outer tube 138 
has a gas inlet 104 for receiving a plasma gas from the mass flow controller 118. The 
mass flow controller 118 receives the necessary gasses from a number of gas supplies 
120, 122, 124, 126, and controls the amount and rate of gasses passed to the respective 
5 tube of the ICP torch. The ICP torch generates a plasma discharge 108, which can be 
used to, for example, shape or polish a workpiece 110 located on a chuck 112 in the 
workpiece box 114. In this embodiment, the plasma box 106 and workpiece box 114 are 
separate, allowing the plasma discharge 108 and/or torch to pass at least partially 
between the plasma 106 box and the workpiece box 114. The workpiece box 114 has 

10 an exhaust 132 for carrying away any process gases or products resulting from, for 
example, the interaction of the plasma discharge 108 and the workpiece 110. In other 
embodiments, there may not be separate boxes for the plasma torch and the workpiece. 
[0034] The chuck 112 in this embodiment is in communication with a translation stage 
116, which is adapted to translate and/or rotate a workpiece 110 on the chuck 112 with 

1 5 respect to the plasma discharge 1 08. The translation stage 1 1 6 is in communication with 
a computer control system 130, such as may be programmed to provide the necessary 
information or control to the translation stage 1 1 6 to allow the workpiece 1 1 0 to be moved 
along a proper path to achieve a desired shaping or polishing of the workpiece. The 
computer control system 130 is in communication with an RF power supply 128, which 

20 supplies power to the ICP torch. The computer control system 130 also provides the 
necessary information to the mass flow controller 118. 

[0035] The torch itself can be seen in greater detail in Figure 2. An induction coil 140 
surrounds the outer tube 138 of the torch near the plasma discharge 144. Current from 
the RF power supply flows through the coil 140 around the end of the torch. This energy 
25 is coupled into the plasma. Also shown are the excitation zones 142, into which the 
reactive precursor is injected, and the plasma envelop 146, which can be for example a 
sheath of argon gas. 

[0036] One method for using such a system is shown in Figure 5. In this method, a 
workpiece is placed in a plasma processing chamber that includes a plasma torch 500. 
30 At least one of the workpiece and the plasma torch is translated and/or rotated, such as 
by translating the workpiece with respect to the torch 502. Reactive atom plasma 
processing is then used to shape the surface of the workpiece with the discharge from 
the plasma torch 504. 

[0037] In another method, shown in Figure 6, the workpiece is again placed in a plasma 
35 processing chamber including a plasma torch 600. A controlled flow of precursor is 
placed in a central channel of the plasma torch 602. A plasma gas is introduced through 
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an outer tube 604, and an auxiliary gas is introduced through an intermediate tube of the 
plasma torch 606. The gases can be introduced relatively simultaneously. Energy is 
coupled to the plasma discharge in an annular region of the plasma torch 608. At least 
one of the workpiece and the plasma torch is translated and/or rotated, such as by 
5 translating the workpiece with respect to the torch 610. Reactive atom plasma 
processing is then used to shape the surface of the workpiece with the discharge from 
the plasma torch 612. 

Chemistry 

[0038] A reactive atom plasma process in accordance with the present invention is 
based, at least in part, on the reactive chemistry of atomic radicals formed by the 
interaction of a non-reactive precursor chemical with a plasma. In one such process, the 
atomic radicals formed by the decomposition of a non-reactive precursor interact with 
material on the surface of the part being shaped. The surface material is transformed to 
a gaseous reaction product and leaves the surface. A variety of materials can be 
processed using different chemical precursors and different plasma compositions. The 
products of the surface reaction in this process must be a gas under the conditions of the 
plasma exposure for etching to take place. If not, a surface reaction residue will build up 
on the surface which will impede further etching. 

[0039] In one process in accordance with the present invention, the chemistry is specific 
to fluorine and materials that react with fluorine to form gaseous products. Following are 
three specific examples where weight loss was measured. The materials processed 
include: 

Silicon dioxide (fused quartz) where the balanced reaction of concern is 
Si0 2 + CF 4 -> SiF 4 + C0 2 

Silicon carbide works with or without the addition of 0 2 . The use of 0 2 can 

greatly speed the operation. One such balanced equation is given by: 

SiC + CF 4 + 20 2 -> SiF 4 + 2C0 2 
30 

Silicon works with or without addition of oxygen to the plasma. Oxygen can 
also be supplied by the ambient air. A balanced equation that can be used 
with the process is given by: 

Si + CF 4 + 0 2 -> SiF 4 + C0 2 

35 

The reaction may also work with CF 4 supplied by the device and ambient oxygen in the 
tool enclosure. 



15 



20 
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[0040] Otherfluorocarbonsand molecules containing fluorine can work as well. SF 6 has 
been used as the chemical precursor to successfully etch silica glass. The equation can 
be the same as for CF 4 , such as may be given by: 

3Si0 2 + 2SF 6 -> 3SiF 4 + 2S0 2 + 0 2 
5 or 

3Si0 2 + 2SF 6 -> 3SiF 4 + 2SO s 

In addition to SF 6J a large number of fluorine-containing chemicals may be suitable for 
use as reactive precursors. For example, chemicals of the type C n F 2n+2 such as C 2 F 6 , 

10 C 3 F 8 , and C 4 F10 can be used. Fluorine chemicals with other cations may also be 
suitable, as well as F 2 . For work on materials that do not contain silicon, such as, but not 
limited to, oxides, metals, carbides, and organic materials, a different reactive atomic 
species may be appropriate, such as chlorine or bromine. Compounds containing these 
elements may also be suitable as reactive precursors. An example of such a suitable 

1 5 class of chemicals would be the class of halocarbons. Mixtures of more than one reactive 
precursor can also be used. 

[0041] In the above examples, the reactive precursor chemical can be introduced as a 
gas. Such a reactive precursor could also be introduced to the plasma in either liquid or 
solid form. Liquids can be aspirated into the plasma and fine powders can be nebulized 
20 by mixing with a gas before introduction to the plasma. In fact, an aqueous solution of 
HF can be particularly effective because it supplies both fluorine for etching and oxygen 
for carbon removal, if needed. The equations for such a process may be given by: 

Si0 2 + 4HF-> SiF 4 + 2H 2 0 
or 

25 SiC + 4HF + 20 2 -> SiF 4 + C0 2 + 2H 2 0 

Such a process has several advantages over the RIE process. RIE requires a vacuum, 
whereas RAP processing can be used at atmospheric pressure. RAP has much higher 
material removal rates and can be used as a sub-aperture tool to precisely shape 
surfaces, whereas RIE is best suited to remove small quantities of material across an 

30 entire surface. Finally, RIE cannot smooth rough surfaces whereas RAP processing 
rapidly polishes and etches surfaces. 

ICP Plasma Torch 

[0042] An inductively-coupled plasma (ICP) is an excellent source of reactive atoms 
35 useful for shaping damage free surfaces. An ICP discharge has previously been used 
to produce crystalline films of a number of oxides, such as MgO, Zr0 2 , NiO, Sn0 2 , Ti0 2 , 
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ZnCr 2 0 4 , Cr 2 0 3 , CoCr 2 0 4 , NiCr 2 0 4 , and several rare earth oxides. Superconducting thin 
films of Bi-Pb-Sr-Ca-Cu-O have also been fabricated with ICP plasma spray methods. 
[0043] The high electrical conductivity of partially ionized gases (for example 120 
ohm/cm-1 at 15,000 °K for argon) may contribute to the ease of inductively coupled 
5 plasma formation at high pressures. ICP systems do not require electrodes. A number 
of gases can be used as the host plasma, though argon may be the principle component. 
A typical discharge can be characterized by a high current (such as 100 to 1000 amps) 
and a relatively low voltage (such as 10 to 100 volts). The flowing plasma is not in 
complete thermodynamic equilibrium, but ion and excited state atom populations can be 

1 0 within 1 0% of equilibrium values. Electron densities can be high, typically above 1 0 15 cm" 
3 , which suggests electron temperatures above 1 5,000K. A peak temperature of 1 0,000K 
can be calculated from the ratio of emission intensities for a set of argon lines (again 
assuming equilibrium) and gas kinetic temperatures have been estimated to be roughly 
6,000K. These high temperatures make the ICP an efficient source for the generation 

1 5 of reactive atoms. 

[0044] The current from a 27.12 MHz RF generator flows through a three turn copper 
load coil around the top of the torch, such as the one shown in Figure 2. The energy is 
coupled into the plasma through an annular "skin region" that is located on the outer edge ■ 
of the plasma nearest the load coil. The plasma can be supported in a quartz tube by the 

20 plasma gas, which can be introduced tangentially to form a stabilizing vortex. The "skin 
region" is thinnest along the central axis and the droplets or gas easily penetrate the 
discharge. As the droplets travel through the plasma they becomes progressively 
desolvated, atomized, excited, and ionized. The relative distribution of ions and atoms in 
the discharge is represented in Figure 3. Spatial profiles at five places in the plasma 

25 indicate that the excited ion population decays faster than that of the neutral atoms, most 
likely a result of ion-electron recombination. The maximum atomic emission from the 
material injected into the plasma occurs several millimeters above the load coil near the 
visible tip of the discharge (zone 3 and 4). Radiative decay in this region is used to 
spectroscopically determine the composition of the injected material. 

30 [0045] A standard, commercially-available three tube torch can be used, such as one 
having three concentric tubes as discussed above. The outer tube can handle the bulk 
of the plasma gas, while the inner tube can be used to inject the reactive precursor. 
Energy can be coupled into the discharge in an annular region inside the torch. As a 
result of this coupling zone and the ensuing temperature gradient, a simple way to 

35 introduce the reactive gas, or a material to be deposited, is through the center. The 
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reactive gas can also be mixed with the plasma gas, although the quartz tube can erode 
under this configuration. 

[0046] Injecting the reactive precursor into the center of the excitation zone has several 
important advantages over other techniques. Some atmospheric plasma jet systems, 
5 such as ADP, mix the precursor gas in with the plasma gas, creating a uniform plume of 
reactive species. This exposes the electrodes or plasma tubes to the reactive species, 
leading to erosion and contamination of the plasma. In some configurations of PACE, the 
reactive precursor is introduced around the edge of the excitation zone, which also leads 
to direct exposure of the electrodes and plasma contamination. In contrast, the reactive 
1 0 species in the RAP system are enveloped by a sheath of argon, which not only reduces 
the plasma torch erosion but also reduces interactions between the reactive species and 
the atmosphere. 

[0047] The second of the three tubes, optional in some embodiments, can be used to 
introduce an auxiliary gas, such as at a rate of about 1 L / min. The auxiliary gas can 
1 5 have at least two functions. First, the gas can keep the hot plasma away from the inner 
tube, since even brief contact may seal the inner tube shut. Second, the gas can be used 
to adjust the position of the discharge in space. 

[0048] The inner diameter of the outer tube can be used to control the size of the 
discharge. On a standard torch, this can be on the order of about 18 mm. In an attempt 
20 to shrink such a system, torches of a two tube design can be constructed, which can have 
an inner diameter of, for example, about 6 mm, although larger or smaller inner diameters 
may be appropriate. 

[0049] The outer tube gas, such as a plasma gas, can be introduced tangentially and 
can stabilize the discharge. The tangential introduction can also be maintained with no 
25 auxiliary tube. A de-mountable system can be used, where the tubes are individually held 
and separately replaced. An advantage to such a system is that the length of the outer 
tube can be lengthened, allowing the plasma to cool down while preventing reactive 
radical atoms from reacting with air. 

[0050] A small torch erosion problem may exist due to a minor portion of the precursor 
30 not entering the central zone but instead going around the outside of the plasma. An 
increase in skin depth (i.e. a thicker energy coupling zone) can constrict the central 
channel, possibly restricting the precursor flow and allowing some to escape to the 
periphery. One of the advantages of systems in accordance with the present invention 
is that there is little to no electrode or nozzle erosion. 

35 
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Housing 

[0051] As shown in Figure 1, there are several basic blocks to a system in accordance 
with the present invention. A plasma box can be used to house the ICP torch. The 
plasma box can be used, for example, to shield an operator from radio frequency energy 
5 generated during a process, and/or from UV light produced by a plasma. The plasma box 
can be kept under a slight negative pressure, such as by hooking it up to a chemical hood 
exhaust system. The entire enclosure can be constructed, for example, from a single 
sheet of copper that has been folded, rather than connected from individual plates. 
[0052] One of the characteristics of RF is that it travels along a surface of a metal rather 

10 than through a metal. RF tends to find and leak out of seams and around door frames. 
Since it may not be possible to completely avoid edges, the edges of the box can be filled 
with, for example, silver solder and ground with a radius on them, so that there are no 
sharp points or edges. Pieces that move, such as doors, can be bolted tight, such as 
through the use of fasteners. 

1 5 [0053] Holes and windows can be formed or cut into the box, such as to allow for air to 
enter the plasma and sample box, as well as to allow access for servicing, and to provide 
a place for visual inspection of the system while operating. Since RF cannot escape from 
holes much smaller than the wavelength of the radiation ( for 1 3.56 MHz the wavelength 
in vacuum is about 23 meters), a 100 mm square window can have very little leakage. 

20 The windows can use welders glass, for example, and the service holes can be covered 
with copper tape or other UV-filtering material. 

[0054] An aluminum sample box can be used to contain the workpiece and translation 
stages. Aluminum plates can be bolted together to form such a box. It may be 
unnecessary to use copper, as there may be no need to shield from RF. The sample box 

25 can be connected directly to an adjoining torch box, such as through a circular hole. 
There can also be a window to allow an operator of the system to watch the part during 
the process, as well as ventilation openings if necessary. A main exhaust system can be 
connected to the top of the chamber, although other designs may have the exhaust hose 
or the stage in a different location, such as may minimize turbulence around the part. 

30 There can also be a gauge to measure the pressure differential between the room and 
the inside of the chamber. 

[0055] The main components inside a sample chamber in accordance with the present 
invention, with the exception of the sample, are the translation stages and the chuck. The 
chuck can be a relatively simple vacuum system, which can be mounted to the rotary 
35 stage and connected to a pump, such as a carbon vane pump, through a rotary or other 
appropriate connection. The chuck can be smaller than, or equal in size to, the size of the 
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part. If the chuck protrudes past the part, a small amount of chuck material may deposit 
on the edge or surface. 

Gas Flow Control 

5 [0056] Devices such as rotometers and mass flow controllers can be used to meter gas 
flow. A system can, for example, use mass flow controllers with piezoelectric transducers 
to monitor gas flow on all lines except the auxiliary. A power source and control panel can 
be rack mounted. This can be a commercial unit useful for low pressure capacitively 
coupled discharges. The rack can also contain the stage controller and the electronics 

1 0 for the mass flow controllers. 

[0057] The introduction of reactive gas into the plasma can be controlled by a mass flow 
controller over a range, for example, of 2000 ml of CF 4 per minute to 0.05 ml per minute, 
with an accuracy that may be in the range of +/- 2.0 %. With such a system, it may be 
possible to go from, for example, 40 L / min of CF 4 (by using CF 4 in the main body of the 

15 plasma) to 0.01 ml / min (using dilution). 

[0058] There can be several mass flow controllers controlling gas introduction. Having 
several controllers in series and/or parallel with flow ranges such as from 10 L / min to 
0.1 L / min can provide a great deal of flexibility, and allows for complex chemistries of 
reactive precursor gases. In one example, 1ml/ min of CF 4 is introduced into the central 

20 channel using such a system. 

[0059] The main gas flow, such as may contain a plasma gas, can serve to supply the 
discharge with a flowing stream of, for example, argon. The flow rate can be changed 
over a fairly wide range, such as from zero to about 40 L / min. If the flow is too fast, the 
plasma may "blow out." A large flow rate can result in a dilution of both the reactive gas 

25 and of the energy put into the system. 

RF Power Supply and Controi 

[0060] A wide range of power conditions can be used when operating a system in 
accordance with the present invention. Standard RF units operate at 13.56 MHz, 27.12 
30 MHz, or 40.68 MHz. The frequencies are presently set by the FCC, and may not effect 
the performance of atomization but may affect the skin depth of the plasma. While a 
standard RF unit can have a maximum power of 5 to 10 kW, many applications may 
never require power above 2.5 kW. 

[0061] At certain reactive gas flow rates, the additional power may do nothing but 
35 deposit more heat on the part. Surface heating on the part can be important to reaction 
rates and reaction efficiency. Generally, the rates increase with temperature. It may be 
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undesirable to greatly increase the temperature of the part, as reaction products can be 
produced that condense on cooler areas of the part and on the housing of the device. Too 
much heat can also cause thermal stress in the part, as well as a change in shape due 
to thermal expansion. The additional energy at the high power settings can also serve 
5 to reduce the number of active species, such as by converting the reactive atoms to ions 
and reduce their reactivity. 

[0062] In one system in accordance with the present invention, the process must 
produce a volatile reaction product to be successful. The plasma temperature can be 
between 5,000 and 15,000 °C. As the plasma can be a non-equilibrium system, different 
1 0 techniques for estimating temperature can yield different results. The lower value, 5,000 
°C, is the gas kinetic temperature and may bear the largest responsibility for heating the 
part. 

[0063] The entire system can be mounted on an optical table, or any other appropriate 
mounting surface or structure. Since the removal tool is a gaseous flow of reactive atoms, 
15 it may not be very vibration sensitive. To eliminate any environmental contribution, a 
clean room or other appropriate enclosure can be built around the sample chamber and 
torch box. 

Dynamic Range 

20 [0064] One advantage of a system in accordance with the present invention is the 
dynamic range of material removal. At a low setting, the reactive gas can be delivered in 
such minute quantities that single atomic layers are removed, such as over a period of 
seconds or even minutes. At higher settings, the process can remove at least grams of 
material per minute. While they might not be practical for material removal, very low etch 

25 rates can be important for modifying the surface of materials treated with the plasma. 

[0065] By using a range of mass flow controllers and using precursor gas in 1 00%, 1 0% 
and 1% mixtures with argon, a dynamic range of five orders of magnitude in etch rate is 
available in one embodiment, although additional orders of magnitude in etch rate are 
possible using different ranges and mixtures. At a high end, such as may be achieved by 

30 confining a precursor to the central channel, it is possible to introduce 1000 ml/min of 
1 00% CF 4 . On a low end, a 1 % mix of CF 4 in argon can be delivered to a central channel 
with a flow rate of 1 ml/min. Etch rates can be reduced by two more orders of magnitude 
such as by using a flow controller that operates, for example, from 0 to 1 0 ml/min and/or 
by a further 10X or other appropriate dilution of the gas. 

35 
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Precision Shaping 

[0066] Using conditions such as those described above, it is possible to get a stable, 
predictable, reproducible distribution of reactive species that is roughly Gaussian in 
nature, although other distributions are possible and may be appropriate for certain 
5 applications. For many applications, it may only be desirable that the distribution be 
radially symmetric. For example, a 18 mm inner diameter torch may have a spread of 
about 30 mm. Figure 4 is a probe trace of a pit produced by a 1.5 kW plasma with a 
reactive gas flow rate of 50 mis / minute over a 5 minute period. The distance from the 
load coils (energy induction zone) to the part surface was 25 mm. As the exposure time 
10 is increased or decreased, such a hole can get deeper or shallower, but its width may not 
vary greatly. Therefore, the tool shape produced by the plasma system can be extremely 
shallow and broad, which can relax the requirements for precision X-Y positioning of the 
tool or the part. 

[0067] An important factor in this process is the fact that the footprint of the plasma 

15 discharge can be stable and reproducible, and dependant on controllable parameters. 
Fairly similar etch rates can be produced if similar systems are run under identical 
conditions, and the same system can be highly reproducible from day to day. For 
extremely precise surfaces, the footprint of the tool may need to be measured before 
each removal step. It may also be possible, however, to determine the footprint as a 

20 byproduct of the iterative shaping process. 

[0068] If any shape on the part is required, other than a Gaussian depression of various 
depths, it may be necessary to translate and/or rotate the part relative to the torch, 
although it may also be possible to translate and/or rotate the torch with respect to the 
part, or both with respect to each other. If the torch is held stationary and lowered into the 

25 part a depression or pit may result. If the torch translates across the part while spinning, 
a trench may be produced. The floor of the trench can take on the characteristics of the 
distribution of reactive species in the torch, and also can be determined by how closely 
the torch paths approach each other on subsequent passes. It may be necessary to move 
two stages at the same time. To accomplish this, a second controller can be used, such 

30 as may be computer- or machine-controlled. A basic system can be limited to a constant 
rotation speed, with the translation speed across the part being controlled in a stepwise 
fashion (i.e. go a certain distance at a fixed speed and at a certain point change the 
speed). 

[0069] In such a process, a rough part can be measured for which a fairly accurate 
35 estimate of the footprint is known, such as from previous experiments. The final desired 
part shape may be known, and a pathway for the tool can be calculated to get the final 
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shape from all of the input variables, including such input variables as initial part shape, 
plasma conditions, dwell time, and removal behavior of the workpiece material. When 
completed, the part shape could be accurately measured and compared with the desired 
shape. The difference may be the error in the assumption of the footprint shape. 
5 [0070] To produce an approximation to complex (or flat) surfaces with such a system, 
the part can be rotated as it is translated in front of the discharge. For uniform material 
removal in certain applications, the speed of the torch across the surface may need to be 
constant. For some applications it may be necessary to vary all parameters 
simultaneously including tool position, part position, gas flow rate, gas flow composition 
10 and excitation energy. 

Rapid Polishing of Rough Surfaces 

[0071] One of the more surprising and interesting features of systems in accordance 
with the present invention is the planarization and/or polishing of rough surfaces. 

1 5 Parameters which can dictate the time required to polish glass or other suitable materials 
with the plasma system include the concentration of species in the plasma gas (both 
reactants and products) and the temperature of the surface and surrounding gas. 
Exchange of species on and off the surface, as well as the local redeposition of material 
during etching, can be principally responsible for the rapid smoothing of rough surfaces, 

20 resulting in planarization on at least a local scale. 

[0072] The relatively high concentration of species in the plasma, and the local 
equilibrium established across the boundary layer by this process, can explain why other 
lower pressure plasma systems such as PACE do not exhibit such a smoothing effect. 
The higher pressure gas can reduce the mean free path of the products, keeping the 

25 products in the surface region for a greater amount of time. In addition, the higher 
pressure gas can have a greater heat capacity, keeping the near surface region of the 
solid at a higher temperature. While low pressure plasma temperatures may be the 
same, the actual amount of heat deposited on the surface using an atmospheric pressure 
plasma system can be greater due to the higher flux of gas. This is evident in the fact 

30 that one system in accordance with the present invention uses a 1 .5 to 2.25 kW plasma 
while the PACE and microwave devices commonly run at a few hundred watts in a 
maximum configuration. 

[0073] Another way to change, the amount of material available for deposition, and to 
affect the rate of planarization or smoothing, is to add a reactant into the plasma that 
35 would cause deposition while the fluorine atoms cause etching . A combination of some 
volatile silicon compound with the addition of oxygen may be sufficient. 
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[0074] An equilibrium-deposition state in accordance with the present invention is not 
the same as previous plasma deposition, as the process does not simply fill in holes but 
rather involves a local redistribution of material at the surface. This may be important for 
applications where it is necessary that the structure of the final surface material be nearly 
5 identical to the bulk phase. 

[0075] The foregoing description of preferred embodiments of the present invention has 
been provided for the purposes of illustration and description. It is not intended to be 
exhaustive or to limit the invention to the precise forms disclosed. Many modifications and 
variations will be apparent to the practitioner skilled in the art. The embodiments were 
10 chosen and described in order to best explain the principles of the invention and its 
practical application, thereby enabling others skilled in the art to understand the invention 
for various embodiments and with various modifications that are suited to the particular 
use contemplated. It is intended that the scope of the invention be defined by the 
following claims and their equivalence. 

15 
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CLAIMS 

What is claimed is: 

1 . A method for shaping a surface of a workpiece, comprising: 
5 placing the workpiece in a plasma processing chamber including a plasma torch; 

translating at least one of the workpiece and the plasma torch; and 
using reactive atom plasma processing to shape the surface of the workpiece 
with the discharge from the plasma torch. 

10 2. A method according to claim 1 , wherein the step of using reactive plasma processing 
to shape the surface of the workpiece causes minimal or no damage to the workpiece 
underneath the surface. 

3. A method according to claim 1 , wherein the step of using reactive plasma processing 
15 to shape the surface of the workpiece comprises removing material from the surface of 

the workpiece. 

4. A method according to claim 1 , further comprising: 

rotating the workpiece with respect to the plasma torch. 

20 

5. A method according to claim 1 , further comprising: 

creating a reactive species in the plasma. 

6. A method according to claim 1 , further comprising: 

25 placing a precursor in a central channel of the plasma torch. 

7. A method according to claim 1 , further comprising: 

placing a precursor in the plasma torch and creating a reactive species in the 

plasma. 

30 

8. A method according to claim 1 , further comprising: 

placing a precursor in the plasma torch. 

9. A method according to claim 1 , further comprising: 

35 controlling the mass flow of a precursor into the plasma. 
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10. A method according to claim 1 , further comprising: 

controlling the mass flow of a precursor into the plasma from between about 0 
ml/min to about 2,000 ml/min. 



5 1 1 . A method according to claim 1 , further comprising: 

controlling the mass flow of a precursor into the plasma from between about 0 
ml/min to about 50,000 ml/min. 



12. A method according to claim 1 , further comprising: 
10 selecting a concentration of precursor to be introduced into a central channel of 

the plasma. 



13. A method according to claim 1 , further comprising: 

introducing a plasma gas through an outer tube of the plasma torch. 

15 

14. A method according to claim 1 , further comprising: 

coupling energy to the discharge in an annular region of the plasma torch. 

15. A method according to claim 1 , further comprising: 

20 introducing an auxiliary gas through a second of three concentric tubes in the 

plasma torch. 



16. A method according to claim 1 , further comprising: 

using an auxiliary gas to keep hot plasma away from a central channel of the 
25 plasma torch. 



17. A method according to claim 1, further comprising: 

using an auxiliary gas to adjust the position of a discharge. 



30 18. A method according to claim 1, further comprising: 

controlling the size of a discharge by selecting the inner diameter of an outer tube 
of the plasma torch. 



19. A method according to claim 1 , further comprising: 
35 introducing a plasma gas tangentially. 
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20. A method according to claim 1 , further comprising: 
metering gas flow in the plasma torch. 



21 . A method according to claim 1 , further comprising: 

maintaining the temperature of the plasma between 5,000 and 15,000 degrees 

C. 



22. A method according to claim 1 , further comprising: 

producing a volatile reaction on the surface of the workpiece. 

10 

23. A method according to claim 1 , further comprising: 

maintaining the processing chamber at about atmospheric pressure. 

24. A method according to claim 1 , further comprising: 

1 5 cleaning the surface of the workpiece with the plasma. 



25. A method according to claim 1 , further comprising: 

polishing the surface of the workpiece with the plasma. 

20 26. A method according to claim 1 , further comprising: 

planarizing the surface of the workpiece with the plasma. 



27. A method according to claim 1 , further comprising: 

using a plasma torch with a multiple head to increase the plasma etch rate. 

25 

28. A method according to claim 1 , further comprising: 

using a precursor solution to control the etch rate of the plasma. 



29. A method according to claim 1 , further comprising: 

30 using a precursor to control the etch rate of the plasma, the precursor being any 

one of a solid, liquid, or gas. 

30. A method for cleaning a surface, comprising: 

placing the workpiece in a plasma processing chamber including a plasma torch; 
35 translating at least one of the workpiece and the plasma torch; and 

using reactive atom plasma processing to remove material from the surface of 
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the workpiece. 

31 . A tool for shaping the surface of a workpiece, the tool being able to accomplish the 
following steps: 

5 positioning a workpiece in a plasma processing chamber including a plasma 

torch; 

translating at least one of the workpiece and the plasma torch; and 
using reactive atom plasma processing to shape the surface of the workpiece 
with the discharge from the plasma torch. 

10 

32. A tool for shaping the surface of a workpiece, comprising: 

means for positioning a workpiece in a plasma processing chamber including a 
plasma torch; 

means for translating at least one of the workpiece and the plasma torch; and 
15 means for using reactive atom plasma processing to shape the surface of the 

workpiece with the discharge from the plasma torch. 

33. A tool for shaping the surface of a workpiece, comprising: 

a plasma torch; 

20 a translator that can translate at least one of a workpiece and said torch; and 

wherein said torch is configured to shape the surface of a workpiece using a 
reactive plasma process. 

34. A method for shaping an optic, comprising: 

25 placing an optic workpiece in a plasma processing chamber including a plasma 

torch; 

translating at least one of the optic workpiece and the plasma torch; and 
using reactive atom plasma processing to shape the surface of the optic 
workpiece with the discharge from the plasma torch. 

30 

35. A method for shaping a high-damage threshold optic, comprising: 

placing a high-damage threshold optic workpiece in a plasma processing 
chamber including a plasma torch; 

translating at least one of the optic workpiece and the plasma torch; and 
35 using reactive atom plasma processing to shape the surface of the optic 

workpiece with the discharge from the plasma torch. 
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36. A method for back-etching a wafer, comprising: 

placing the a wafer in a plasma processing chamber including a plasma torch; 
translating at least one of the wafer and the plasma torch; and 
using reactive atom plasma processing to etch a back surface of the wafer with 
5 the discharge from the plasma torch. 

37. A method for thinning a wafer, comprising: 

placing the a wafer in a plasma processing chamber including a plasma torch; 
translating at least one of the wafer and the plasma torch; and 
10 using reactive atom plasma processing to remove material from a surface of the 

wafer with the discharge from the plasma torch. 

38. A method for thinning bonded wafers, comprising: 

placing the bonded wafers in a plasma processing chamber including a plasma 

15 torch; 

translating at least one of the bonded wafers and the plasma torch; and 
using reactive atom plasma processing to remove material from an outer surface 
of the bonded wafers with the discharge from the plasma torch. 



20 39. A method for planarizing a surface of a workpiece, comprising: 

placing the workpiece in a plasma processing chamber including a plasma torch, 
the plasma processing chamber at atmospheric pressure; 

translating at least one of the workpiece and the plasma torch; 
using reactive atom plasma processing to simultaneously remove material from 
25 the surface of the workpiece and redeposit the removed material back onto the surface 
of the workpiece. 



40. A method for shaping a surface at atmospheric pressure, comprising: 

placing the workpiece in a plasma processing chamber including a plasma torch, 
30 the plasma processing chamber at atmospheric pressure; 

translating at least one of the workpiece and the plasma torch; and 
using reactive atom plasma processing to simultaneously remove material from 
the surface of the workpiece and redeposit the removed material back onto the surface 
of the workpiece in order to shape the surface of the workpiece. 
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> 41 . A method for shaping the surface of a workpiece, comprising: 

positioning a workpiece in a plasma processing chamber including a plasma 

torch; 

translating at least one of the workpiece and the plasma torch; and 
5 establishing an equilibrium in a plasma reaction in the plasma processing 

chamber, whereby material may be removed from the surface of the workpiece and 
redeposited on the surface of the workpiece with the discharge from the plasma torch. 
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Figure 3 
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Figure 4 
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Place a workpiece in a plasma processing chamber 
including a plasma torch 



500 



Translate and/or rotate at least one of the the workpiece and 
the plasma torch with respect to each other 



502 



i 

Use reactive atom plasma processing to shape the surface of the 
workpiece with the discharge from the plasma torch 

504 



Figure 5 
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Place a workpiece in a plasma processing chamber 
including a plasma torch 
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Piace a controlled flow of precursor in a central channel 
of tffe plasma torch 



602 



I 



Introduce a plasma gas through an outer tube of the plasma torch 

604 



Introduce an auxiliary gas through an intermediate 
tube of the plasma torch 
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Couple energy to the discharge in an annular 
region of the plasma torch 
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Translate and/or rotate at least one of the the workpiece and 
the plasma torch with respect to each other 
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Use reactive atom plasma processing to shape the surface of the 

workpiece with the discharge from the plasma torch i 
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Figure 6 



